An important issue in current psycholinguistics is how the time course of utterance planning affects the generation of grammatical structures. The current study investigated the influence of parallel activation of the components of complex noun phrases on the generation of subject-verb agreement. Specifically, the lexical interference account (Gillespie & Pearlmutter, 2011b; Solomon & Pearlmutter, 2004 ) predicts more agreement errors (i.e., attraction) for subject phrases in which the head and local noun mismatch in number (e.g., the apple next to the pears) when nouns are planned in parallel than when they are planned in sequence. We used a speeded picture description task that yielded sentences such as the apple next to the pears is red. The objects mentioned in the noun phrase were either semantically related or unrelated. To induce agreement errors, pictures sometimes mismatched in number. In order to manipulate the likelihood of parallel processing of the objects and to test the hypothesized relationship between parallel processing and the rate of agreement errors, the pictures were either placed close together or far apart. Analyses of the participants' eye movements and speech onset latencies indicated slower processing of the first object and stronger interference from the related (compared to the unrelated) second object in the close than in the far condition. Analyses of the agreement errors yielded an attraction effect, with more errors in mismatching than in matching conditions. However, the magnitude of the attraction effect did not differ across the close and far conditions. Thus, spatial proximity encouraged parallel processing of the pictures, which led to interference of the associated conceptual and/or lexical representation, but, contrary to the prediction, it did not lead to more attraction errors.
Introduction
Language production requires us to translate concepts into words and to use grammatical structures to order these words. During these processes of utterance planning it is often the case that several concepts and the associated words are simultaneously activated in the speaker's mind and compete for inclusion in the utterance plan (Konopka, 2012; Levelt, Roelofs, & Meyer, 1999; Martin, Crowther, Knight, Tamborello, & Yang, 2010) . A significant amount of research has shown that when words with similar meanings are planned in parallel, semantic interference may occur (Aristei, Zwitserlood, & Abdel Rahman, 2012; Belke, Meyer, & Damian, 2005; Glaser & Glaser, 1989) . In contrast, parallel planning of similar speech sounds during phonological encoding can lead to facilitation (Dell, 1986; Humphreys, Boyd, & Watter, 2010; Oppermann, Jescheniak, & Schriefers, 2010) . Although competing grammatical number forms (as in "the apple next to the pears" vs. "the apple next to the pear") do lead to increased error rates in subject-verb agreement (i.e., the 'attraction effect'; Bock & Miller, 1991) , little is known about whether parallel processing per se is the culprit. Part of the reason for the lack of progress on this issue may be methodological as suitable paradigms and measurements have yet to be developed to assess the amount of parallel planning during grammatical encoding. The current study addresses this limitation through use of eyetracking in a picture description paradigm in which we directly assess whether parallel activation of competing number forms influences subject-verb number agreement.
Subject-verb agreement is a central aspect of grammatical encoding in many languages as almost all utterances include verbs that have to be inflected according to the agreement rules of the language. The production of subject-verb agreement can be influenced by syntactic and semantic factors. A robust syntactic influence is the attraction from a local noun that is located between the head noun of a subject phrase and the inflected verb. Attraction-typically studied with sentence completion tasks-occurs when a plural local noun follows a singular subject head noun, increasing the chance for the verb to obtain an incorrect plural inflection (e.g., the key to the cabinets are missing; Bock & Miller, 1991 , see also Bock & Eberhard, 1993; Bock, Eberhard, Cutting, Meyer, & Schriefers, 2001; Franck, Vigliocco, & Nicol, 2002; Haskell, Thornton, & MacDonald, 2010; Vigliocco, Butterworth, & Semenza, 1995) . To a lesser extent the same occurs for plural head nouns combined with singular local nouns (Eberhard, 1997; Veenstra, Acheson, & Meyer, 2014) . Solomon and Pearlmutter (2004) linked the attraction effect to the time course of sentence planning. When the nouns of a subject phrase are planned in parallel rather than sequentially, their number features are active in working memory simultaneously, giving rise to number interference and agreement errors. This view is supported by a number of experiments varying the degree of semantic integration of the subject noun phrase. Semantic integration is the degree to which a head noun and local noun are related to each other at the conceptual level. The bowl with the spoons is an example of a weakly integrated subject: the bowl and the spoons coexist, but are independent of each other. The bowl with the stripes is an example of a tightly integrated subject: the stripes are part of the bowl. In five sentence completion experiments, Solomon and Pearlmutter found more attraction for integrated than unintegrated subject phrases. They proposed that tight semantic integration encouraged parallel planning and led to more agreement errors relative to weak semantic integration. Gillespie and Pearlmutter (2011b) also argued for a lexical interference account of attraction, although they referred to it as a scope of planning account. (As both accounts are based on the same assumptions, we will refer to them collectively as a lexical interference account). This account proposes that the strength of the attraction effect is determined by the relative timing of advance planning of the head and local noun. When a local noun that mismatches in number from a head noun is planned simultaneously with the head noun, more attraction errors occur compared to when the nouns are planned sequentially. The likelihood of parallel planning may depend on different factors. Parallel planning can be encouraged by semantic integration, but also by a short linear distance between the nouns. Gillespie and Pearlmutter (2011b) conducted two sentence completion experiments, factorially manipulating the hierarchical and linear distance of two local nouns from a head noun with the semantic integration with the head noun (e.g., the book with the torn pages by the red pen). The authors found that more agreement errors were made for mismatching local nouns that were linearly (and not hierarchically) close to the head noun compared to nouns that were farther apart. The distance and integration factors also interacted as there were even more errors when the nouns were both linearly close and semantically integrated. The authors interpreted their findings to suggest that both semantic integration and linear distance to the head noun affect how likely the head and local noun are planned in parallel, which in turn affects the magnitude of the attraction effect.
However, a follow-up experiment using a picture description task failed to replicate these error patterns (Gillespie & Pearlmutter, 2011a ). Here, participants described object pairs in noun phrases using prepositions that depended on the color of the outline around the first picture. If the color was blue, for had to be used (leading to an integrated phrase, e.g., the apple for the pie), if the color was green, near had to be used (leading to an unintegrated phrase, e.g., the apple near the pie). Gillespie and Pearlmutter found no effect of semantic integration on error rates, but speech onset times were shorter for integrated than unintegrated noun phrases. These results were interpreted to suggest that parallel planning occurred in the integrated phrases and not in the unintegrated phrases. The authors argued that planning an entire phrase was faster when all constituents were being planned at the same time compared to when they were planned more sequentially. The authors suggested that the timing of sentence planning might not have differed sufficiently in the integrated and unintegrated phrases to lead to a reliable effect in the error rates.
Contrary to Solomon and Pearlmutter's (2004) results, Brehm and Bock (2013) found more errors for unintegrated (compared to integrated) noun phrases, irrespective of whether the head and local noun matched or mismatched in number. They proposed an alternative hypothesis to account for their error patterns, with a focus on the influence that semantic integration has on the notional number of subject phrases. This notional number account claims that integrated subject phrases tend to be perceived as notionally singular, regardless of whether the local noun is singular or plural, whereas unintegrated subject phrases are perceived as notionally plural. With a singular head noun, integrated subject phrases are predicted to yield fewer agreement errors than unintegrated subject phrases. Consistent with this prediction, Brehm and Bock found fewer errors and shorter response times for integrated sentences such as the bowl with the red stripes compared to unintegrated sentences such as the bowl with the wooden spoons. Supporting evidence for the notional number account comes from studies of agreement in Dutch using different sentence completion tasks (Veenstra & Acheson, 2015; Veenstra, Acheson, Bock, & Meyer, 2014) . Veenstra and colleagues found more agreement errors for unintegrated than integrated subject phrases. Similar to Brehm and Bock (2013) , the integration effect in these studies was independent of the attraction effect.
These results cast some doubt on the lexical interference account of Solomon and Pearlmutter (2004) . This account is based on two assumptions: (1) that semantic integration increases parallel planning and (2) that parallel planning increases attraction. There are several possible reasons why inconsistent effects of semantic integration on attraction have been reported: It could be that semantic integration does not increase parallel planning, or that parallel planning does not increase attraction. A third possibility is that neither assumption is correct. In order to gain traction on these issues, and given that the effect of semantic integration is still under debate, the current study focused on the effect of parallel processing on the agreement process.
Despite claims of parallel planning in earlier studies of agreement, independent measures of such planning have never been recorded. The present study was designed to address this limitation by manipulating the amount of parallel activation of head and local nouns. Before relating the error rates to the amount of parallel planning, we first assessed whether interference between the nouns occurred, which would demonstrate that they were accessed in parallel. In the remainder of the introduction we motivate the use of the experimental paradigm and explain the predictions for the dependent measures.
We used a picture description task, which is a fairly natural way to elicit agreement through the production of whole sentences. More traditionally, however, agreement processes have been studied using sentence completion tasks in which speakers only provide a completion (i.e., an inflected verb phrase) to an experimentally-provided noun phrase. One advantage of picture description is that verbal comprehension, an unavoidable component of the sentence completion paradigm, is eliminated. Importantly, previous research using picture description has been able to replicate attraction effects (Gillespie & Pearlmutter, 2011a) , suggesting that object naming tasks are suitable for assessing agreement. Veenstra, Acheson, and Meyer (2014) also used a picture description task to study agreement. In contrast to Gillespie and Pearlmutter's (2011a) task where pictures only yielded subject noun phrases (e.g., the apple for the pie), in Veenstra et al.'s task participants based their entire utterance on the pictures (e.g., the star next to the circle is blue). In their study, attraction effects were found for sentences with mismatching head and local nouns, both when the head noun was singular, and when it was plural. The current study used an adaptation of Veenstra et al.'s task, both because it allows for tight control over how sentences are completed and because picture description is particularly well-suited to our current goal of assessing interference. By manipulating the spatial configuration of the pictures, we aimed to manipulate the likelihood of parallel processing of the pictures and the amount of interference between the nouns in the subject noun phrase. The degree of interference should manifest itself in the speakers' naming times and eye movements.
Earlier multi-object naming studies have shown that when objects are close together, speakers process them in parallel. For instance, Meyer, Ouellet, and Häcker (2008) conducted a naming task in which participants had to name three pictures. When they shifted their eye gaze to the second picture, this picture was replaced with a new picture. Facilitation was found when the old and new picture were identical or homophonous, suggesting that the second (old) picture was processed while the participants were still looking at the first picture (see also Mädebach, Jescheniak, Oppermann, & Schriefers, 2011; Malpass & Meyer, 2010; Morgan, Van Elswijk, & Meyer, 2008; Schotter, Ferreira, & Rayner, 2013) .
In the study by Meyer et al. (2008) the pictures had a size of approximately 5.7°and were placed at a midpoint-to-midpoint distance of 14.6°. The effect of spatial distance on semantic interference was also addressed by Meyer and Konopka (2011) , in a multiple object naming task where pictures either belonged to the same semantic category or were unrelated. Pictures had a size of 2.6°and were presented in a near (2.7°midpoint-to-midpoint), middle (9.2°), or far spatial configuration (15.5°). Meyer and Konopka found semantic interference in speech onsets and gaze durations for looks at the first picture in the near and middle conditions, but not in the far condition. The interference effect was stronger in the near than in the middle condition. One account of these semantic interference effects is that the selection of the lemma for the first noun is slowed down by the co-activation of the related second lemma (e.g., Freedman, Martin, & Biegler, 2004; Smith & Wheeldon, 2004) . Thus, co-activation of a second lemma was more likely in the near and middle conditions, where the second object could be identified while the first one was fixated upon. No such effect was observed in the far condition, where the second picture could not be identified without a shift of gaze towards it.
The study by Meyer and Konopka indicates that the degree of semantic interference between pictures that are to be named in succession can be affected by the spatial configuration of pictures. In the present study we built upon this finding. We presented pictures either spatially close (facilitating parallel activation) or far apart (hindering parallel activation). The pictures were either semantically related or unrelated. We predicted that semantic interference would occur in the close but not in the far condition. This interference would be evidenced in longer speech onsets and longer gaze durations for semantically related compared to unrelated pictures. In contrast to earlier studies, the manipulation of spatial distance and the assessment of semantic interference enabled us to determine whether parallel processing of the two objects occurred. With parallel activation established, we were then able to address whether it influenced the generation of agreement.
To summarize, the key issue addressed in the current study is whether differences in interference between the components of the subject noun phrase were related to differences in subject-verb agreement as assessed through the strength of the attraction effect. Given our manipulations, the lexical interference account (Gillespie & Pearlmutter, 2011b; Solomon & Pearlmutter, 2004 ) predicts stronger attraction in the close than in the far condition.
Method

Participants
Twenty-four native speakers of Dutch (mean age 23 years, SD = 5.3) participated in the experiment and received €8 for their participation. Sixteen participants were female; twenty-two were university students. All gave written informed consent prior to the study. Approval to conduct the study was given by the Ethics Board of the Social Sciences Faculty of Radboud University Nijmegen.
Materials and design
Twenty-eight pictures were used in the experiment. To facilitate picture naming, we used objects with highly frequent names. The average natural log frequency taken from CELEX for the singular forms was 6.3 (SD = 1.3); for the plural forms this was 5.4 (SD = 1; Baayen, Piepenbrock, & Van Rijn, 1993) . The pictures were taken from the Severens picture database and had a mean naming latency of 901 ms (SD = 145 ms; Severens, Lommel, Ratinckx, & Hartsuiker, 2005) . The pictures were simple black line drawings that were all approximately 128 × 98 pixels in size, viewed with 2 × 1.5°visual angle. As the small set of items was presented multiple times (each picture appeared 64 times in the experiment), object identification and naming should be relatively easy (e.g., Francis, Corral, Jones, & Sáenz, 2008; Malpass & Meyer, 2010) .
The experiment utilized a 2 (Head Noun Number: singular/plural) by 2 (Number Mismatch: match/mismatch) by 2 (Semantic Similarity: related/unrelated) by 2 (Spatial Distance: close/far) within-subjects design. Fourteen noun pairs were constructed, consisting of two related nouns belonging to the same semantic category. These pairs were recombined to form an additional fourteen unrelated pairs. For example, the related pairs apple/pear and pants/sweater were recombined into the unrelated pairs apple/sweater and pants/pear. Similarly, boat/ canoe and scarf/hat were recombined into boat/hat and scarf/canoe; see Tables A1 to A3 in the appendix for a list of items and item pairs.
The head noun picture always appeared in the top left corner of the computer screen. The local noun picture was 100 pixels to the right (1.5°visual angle) of the head noun picture in the close condition, and 800 pixels to the right (12°visual angle) in the far condition. A colored box was positioned 400 pixels below the local noun picture (6°visual angle) at the bottom of the screen. See Fig. 1 for an example item.
Meyer, Van Der Meulen, and Brooks (2004) conducted an eyetracking study with similar target sentences (e.g., the chair next to the star is brown). Using a colored first picture, they found that participants often looked back to the first picture when they produced the color word (47%). In our study it was important that participants did not look back to the first picture after naming it, as they may re-activate the number information of the head noun, thus decreasing the chance of attraction. We accomplished this goal in two ways. First, participants only had 2.5 seconds to complete the entire sentence they were generating, as indicated by a timer in the middle of the screen (see Fig. 1 and below). Second, the color to be used to describe the head noun was indicated not by the head noun itself, but by a separate picture of a small colored box of 23 × 23 pixels (0.3°visual angle) positioned at the bottom of the screen underneath the local noun picture (see Fig. 1 ). The colors used were very pale versions of green, blue, yellow, and red. Because of the large distance from the previous picture, the small size and paleness of the color, the colored box was difficult identify extrafoveally, which encouraged participants to initiate an eye movement and fixate the color picture before naming it.
Each item was combined with four colors, which resulted in a total of 896 items, divided over four experimental lists. Each list was divided into four blocks in which the conditions were equally represented. Each block consisted of 56 trials, in a fixed random order. Twenty additional trials were created as practice trials.
Apparatus
Participants' eye movements were recorded with an SR Research Eye Link 1000 eye tracker with chin rest. The right eye was tracked for all participants at a sampling rate of 1000 Hz. Before each block a 9-point calibration was performed to link the position of the eyes with a location on the screen. Drift correction was performed before each trial to control for head movements between trials. The experiment was programmed with Experiment Builder software, and the eye-tracking data were quantified with Data Viewer, both from SR Research.
The experiment was stored and run on a Dell Precision desktop computer and presented on an Acer AL2023 20-inch LCD monitor (16.6 ms refresh rate, 60 Hz). Participants' responses were recorded with a Sennheiser microphone.
Procedure
Participants were tested individually in a quiet room. At the beginning of the session, they were given a booklet with the pictures used in the experiment with their names written underneath. To reduce the rate of naming errors, participants were asked to study the names for the pictures and use them in the experiment.
The experiment started with a practice block of 20 trials, followed by four experimental blocks of 56 trials each. Participants were allowed to take short breaks between blocks. The experiment lasted approximately 30 minutes.
On each practice and experimental trial, a fixation cross appeared in the top left corner of the screen for 500 ms or until the drift correction was performed. This fixation cross served as a fixation point for the drift correction and to make sure that the participants' first gaze would be on the location of the head noun picture. After a blank screen of 150 ms, the pictures appeared, with the head noun picture always appearing in the top left corner in the location of the fixation cross. Along with the pictures, a small timer appeared in the center of the screen. The timer counted down in eight steps from 2.5 seconds to zero. Participants were instructed to try to complete their description before the timer ran out. Trials proceeded automatically with intertrial intervals of 500 ms.
Scoring and analyses
Participants' responses were recorded, transcribed and scored for non-agreement errors (e.g., wrong words, numbers, or incomplete responses) and agreement errors. Agreement errors were included in the analysis only if the remainder of the sentence was correct.
Speech onset latencies were measured with Praat speech analysis software (Boersma & Weenink, 2010) . Each sentence started with the same determiner (de), allowing this determiner to be planned and produced before the rest of the noun phrase was encoded. Onsets for the determiner might therefore not be informative about the planning strategy employed. As such, speech onsets were coded at the first noun rather than the determiner. In addition, onset times for the local noun and the verb were determined.
Finally, eye movements were used to identify the gaze patterns and determine the first pass gaze duration for the head noun picture. In order to quantify participants' eye movements and fixation patterns, interest areas were drawn around the pictures, approximately one cm larger than the size of the pictures. First pass gaze durations were calculated by subtracting the start time of the eye gaze from the end time of the eye gaze to an interest area, such that both fixations and saccades within one interest area would be included.
Statistical analyses were run using linear mixed effects regression models with crossed effects of subjects and items using the lme4 package in R (Bates, 2005; R Development Core Team, 2011) . Factors were centered before entering the models treating participants and items as random effects (Baayen, 2008) . Backwards elimination was used for the fixed effects, starting with a full model and leaving out nonsignificant interactions. Models were run with the maximal random structure justified by the data when possible (Barr, Levy, Scheepers, & Tily, 2013) . List number was included initially as a factor in the statistical models, but as it did not contribute significantly to the models, it was left out of the models presented here.
The first set of analyses assessed the amount of parallel activation in each condition. The first analysis investigated the effects of the spatial configuration and the semantic similarity of the pictures on speech onset latencies for the first noun. Due to rightward skewing, speech onsets were natural log-transformed before analysis. Variables included were Head Noun Number (coded as −1 for singular, and 1 for plural), Mismatch (coded as −1 for matching number, and 1 for mismatching number), Spatial Distance (coded as − 1 for the Far condition, and 1 for the Close condition), Semantic Similarity (coded as −1 for unrelated pictures, and 1 for related pictures), and Block (coded as −2 through 2 for blocks 1 to 4). The inclusion of random slopes in the analysis meant that resampling methods for calculating statistical probability were not available. In accordance with Baayen (2008) , absolute t-values exceeding 2 were interpreted as statistically significant. The second analysis Fig. 1 . An example item and its picture displays in all sixteen conditions. The target sentence for this item is "the apple(s) next to the pear(s)/sweater(s) is/are blue". The color box is relatively large for illustration purposes. The bar in the middle is the countdown timer. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) investigated the effects of spatial configuration of the pictures and the semantic similarity between them on gaze durations for the first picture. This analysis paralleled the analysis of the speech onset times.
A second set of analyses concerned the error rates in the experiment. Here, mixed-effects models used a logistic linking function (Jaeger, 2008) . The first analysis compared the rates of non-agreement errors across experimental conditions. The second analysis investigated whether attraction occurred in the agreement error rates. Variables included in both analyses were Head Noun Number, Mismatch, and Block.
The final and critical analysis investigated the effects of the spatial configuration of the pictures and the semantic similarity between them on agreement error rates. Because of the extremely low error rates in the matching condition (see Results), only mismatching trials were included in this analysis. Trials in which the head noun picture was fixated between production of the local noun and the verb were excluded. The variables included were Head Noun Number, Block, Spatial Distance, Semantic Similarity, and the interaction between Spatial Distance and Semantic Similarity. Because of its importance with regard to our experimental hypotheses, this interaction remained in all analyses regardless of whether it was significant or not.
Results
Speech onset latencies
Speech onsets for invalid and incorrect trials and those more than three standard deviations above the participants' mean were excluded from the analysis (n = 933, 17.4%). Planning two nouns in parallel was predicted to lead to longer speech onsets than when those two nouns were planned more sequentially. Additionally, previous research suggests that semantic similarity should lead to longer speech onsets for related than for unrelated nouns. Fig. 2 shows the speech onset times, with results confirming the predictions above. Statistical analysis revealed main effects of Spatial Distance and Semantic Similarity (see Table 1 ). Participants were slower to initiate their responses when the pictures were close relative to when they were far apart, suggesting that the Close condition encouraged parallel processing of the pictures. Additionally, participants were slower when the pictures were related compared to when they were unrelated, indicating semantic interference. There was an interaction between Semantic Similarity and Spatial Distance. Follow-up analyses showed that in the Close condition, speech onsets were slower for related relative to unrelated pictures (ß = 0.020; SE = 0.004; t = 4.89), whereas no semantic interference was observed in the Far condition (ß = −0.002; SE = 0.005; t = −0.36).
There was also a three-way interaction between Mismatch, Semantic Similarity, and Block, see Fig. 3 . This interaction came from the fact that the magnitude of the semantic interference effect decreased over the course of the experiment in the mismatching condition (ß = −0.006; SE = 0.003; t = −2.44), but increased in the matching condition (ß = 0.005; SE = 0.002; t = 2.25). Specifically, in the matching condition, the onsets for related condition remained stable (ß = 0.001; SE = 0.005; t = 0.18), whereas the onsets for the unrelated condition decreased (ß = − 0.011; SE = 0.005; t = − 2.39). In the mismatching condition the speech onset latencies for the related condition decreased (ß = 0.013; SE = 0.006; t = −2.21), whereas the onsets for the unrelated condition remained fairly stable (ß = 0.001; SE = 0.006; t = 0.19, see Fig. 3 ). One has to keep in mind, though, that these interactions are collapsed across the close and far conditions, making the interference effects rather small to begin with. No effects of Head Noun Number or Mismatch were found.
In sum, the speech onsets suggested that parallel activation occurred mostly in the Close condition. Converging evidence for this interpretation is provided by the eye-tracking measures below.
Eye movements
Prior to analyzing people's gaze durations, we first examined whether participants re-fixated the first picture due to interference from the mismatching local noun. As many earlier studies have shown that speakers typically look at pictures in the order they will mention them (e.g., Griffin, 2001; Griffin & Bock, 2000; Meyer, Sleiderink, & Levelt, 1998) , the predicted pattern was that participants would first look at the head noun picture, followed by the local noun picture, and finally at the color box. In the majority of trials, participants indeed started with a head-local-color pattern (89.4%). On the remaining trials, sometimes no fixations were recorded to the head noun picture (0.3%), to the local noun picture (7.1%), or to the color box (0.7%), most often because the participants fixated just outside of the interest area. On many trials the participants looked back to the head or local noun picture after their first inspection of the three areas of interest (77.3%). These second gazes typically occurred well after the onset of the spoken utterances. Note. Coefficients correspond to natural log-transformed speech onsets. Fig. 3 . Average speech onset times across different blocks with related and unrelated word pairs in matching and mismatching conditions. Error bars represent SE of the mean across participants for illustrative purposes.
Second, gaze durations for the first looks at the head noun picture in all conditions were measured. Longer gaze durations have been shown to indicate semantic interference. The gaze durations are shown in Fig. 4 . Trials that were discarded from the speech onset latency analyses were also discarded from this analysis.
Statistical analysis revealed a main effect of Head Noun Number (see Table 2 ). Participants looked longer at the first picture when a plural than when a singular form was required. Similar to the speech onsets, there was an interaction between Semantic Similarity and Spatial Distance in the gaze durations. Follow-up analyses showed that in the Close condition, participants looked longer at the first picture when it was semantically related to the second picture than when it was unrelated (ß = 0.017; SE = 0.008; t = 2.11), whereas in the Far condition, gazes were longer in the unrelated condition than in the related condition (ß = −0.014; SE = 0.007; t = −2.14). Examination of Fig. 4 shows that this facilitation effect was only an effect of differential processing of the semantically-related items between the close and far condition (ß = 0.026; SE = 0.008; t = 3.20), and no effect of spatial distance was observed for semantically-unrelated items (ß = − 0.006; SE = 0.007; t = − 1.00). Also similar to the speech onsets, there was a three-way interaction between Mismatch, Semantic Similarity and Block, which came from the fact that semantic interference slightly decreased over the course of the experiment in the mismatching condition (ß = −0.006; SE = 0.004; t = −1.38) and increased in the matching condition (ß = 0.009; SE = 0.004; t = 1.99). A similar interaction was found between Head Noun Number, Semantic Similarity and Block. Semantic interference decreased across blocks in plural head condition (ß = −0.005; SE = 0.004; t = −1.14), but increased in singular head condition (ß = 0.007; SE = 0.005; t = 1.64). It should be noted that the effect of Block was not significant in either of the interactions; thus the interactions between Head Noun Number, Semantic Similarity and Block, and between Mismatch, Semantic Similarity and Block were driven by the crossing over of the directions of the Block effects.
Results from both speech onsets and gaze durations demonstrated evidence of semantic interference in the Close condition. In both cases, the semantic interference effect decreased over the course of the experiment, possibly due to the repetition of the materials. These results confirm that parallel activation was more likely in the Close condition than in the Far condition.
Error rates
Non-agreement errors (n = 512, 8.5%) included incorrect head nouns, prepositions, local nouns, or colors, incorrect numbers for the head noun or local noun, or incomplete utterances. The error rates per condition are shown in Fig. 5 .
More non-agreement errors were made when the head noun was plural than when it was singular, and when the nouns mismatched than when they matched, as indicated by main effects of Head Noun Number and Mismatch (see Table 3 ). There was an interaction between Mismatch and Spatial Distance, which meant that within the Mismatch condition, marginally more errors were made for spatially close pictures than for far pictures (ß = − 0.14; SE = 0.07; z = − 1.93; p = .053), whereas there was no effect of distance in the Matching condition (ß = 0.12; SE = 0.09; z = 1.37; p = .172). There was no effect of semantic relatedness. Interpreting this pattern of results is difficult because the absolute number of non-agreement errors was small and because the category comprised different types of errors with different origins. However, comparing the results for the non-agreement errors and for the speech onset latencies, we can note that there is no evidence for a speed-accuracy trade-off.
As agreement errors can only be established in sentences that are otherwise correct, non-agreement errors were removed from subsequent analyses. After removal of these errors each cell in the design still included at least 319 observations. The following analysis was meant to confirm that attraction occurred, with the prediction that there would be more agreement errors in the mismatching condition than in the matching condition.
As Fig. 6 shows, the error rates in the matching condition were extremely low. The statistical analysis revealed main effects of Mismatch and Block (see Table 4 ). More agreement errors were made when the number of the local noun mismatched with the number of the head noun compared to when they matched, confirming that attraction occurred. The main effect of Block came from error rates decreasing over the course of the experiment. Replicating previous studies (Bock & Miller, 1991; Eberhard, 1997; Veenstra, Acheson, & Meyer, 2014) , there was also an interaction between Head Noun Number and Mismatch, which came from the fact that the attraction was stronger for the singular heads (ß = 2.17; SE = 0.35; z = 6.81; p b 0.001) than for the plural heads (ß = 1.22; SE = 0.20; z = 5.97; p b 0.001), although it was significant in both conditions.
Our primary research question concerned the magnitude of the attraction effect, which is only found in the mismatching condition. Fig. 4 . Average gaze durations for items with singular and plural heads in close and far conditions with related and unrelated word pairs in matching and mismatching conditions. Error bars represent SE of the mean across participants for illustrative purposes. Note. Coefficients correspond to natural log-transformed gaze durations. Given that there were very few errors in the matching condition (ranging from a single error to a maximum of seven errors in a cell of the experimental design), the following analysis was restricted to the mismatching condition only. The lexical interference account predicts stronger attraction in the Close condition, where the nouns are more likely to be planned in parallel than in the Far condition. Trials in which participants looked back at the head noun picture after producing the local noun, but before producing the verb, were removed from the analysis (n = 110, 4.6%). On these trials, participants might have been able to check for the number of the head noun, thereby reducing the chance of an agreement error (note, however, that analyses including these trials showed similar patterns to the analyses presented here). Fig. 7 shows the agreement error rates in the mismatching conditions.
The statistical analysis revealed only a main effect of Block (see Table 5 ). Participants made fewer attraction errors over the course of the experiment (18% in block 1, 13% in block 2, 10% in block 3, and 12% in block 4). The main effects of Head Noun Number and Spatial Distance approached significance. There was a trend of more errors being made for singular head noun items than for plural head noun items. In addition, marginally more errors were made when the pictures were far apart than when they were close together. There was no effect of Semantic Similarity.
The current results suggest that agreement errors were not affected by the spatial distance and semantic similarity manipulations. If anything, the effects were opposite from the direction predicted by a lexical interference account as more errors should have been observed in the Close condition, rather than in the Far condition.
Discussion
According to the lexical interference account of attraction proposed by Solomon and Pearlmutter (2004) ; see also Gillespie & Pearlmutter, 2011b ) parallel planning of head and local noun in the subject noun phrase leads to simultaneous activation of their number features. Such simultaneous activation in turn leads to more number interference and, consequently, more agreement errors relative to when nouns are planned sequentially (Gillespie & Pearlmutter, 2011b; Solomon & Pearlmutter, 2004) . In order to encourage speakers to process the objects mentioned in the subject noun phrase in parallel or more sequentially, we varied the spatial distance between them.
To assess whether our spatial distance manipulation influenced the degree of parallel processing of the objects and their names, we measured speech onsets and gaze durations. We had two ways to establish parallel planning. First, we hypothesized that presenting the pictures in a spatially close configuration would encourage parallel activation as the local noun picture should be extrafoveally processed while the head noun picture was fixated. In a far configuration, parallel activation would be less likely, as the pictures were too far apart to be processed simultaneously. Therefore, we predicted longer speech onsets and gaze durations in the close condition than in the far condition. A main effect of spatial distance was indeed seen in the speech onsets, but was not reliable in the gaze durations.
The second way of establishing parallel activation was through observing effects of semantic interference. Semantic similarity between two objects to be named in succession can only affect the processing time for the object to be named first if there is some temporal overlap in the processing of the two objects. Therefore, we expected to see evidence of semantic interference when objects were close together (and likely to be processed in parallel) but not when they were far apart. In both speech onsets and gaze durations, there was a significant interaction between semantic similarity and spatial distance. As predicted, in the close condition speech onset latencies and gaze durations were longer for related than for unrelated objects, whereas no such effect was observed in the Far condition. Taken together, these findings suggest that parallel activation was indeed more likely in the Close than in the Far condition. This confirms earlier findings of extrafoveal processing of objects in object naming studies (e.g., Malpass & Meyer, 2010; Meyer et al., 2008) . Our finding that extrafoveal processing Note. Coefficients correspond to Logits. Fig. 6 . Agreement error rates for items with singular and plural heads in matching and mismatching conditions. Error bars represent the SE of the mean across participants for illustrative purposes. Note. Coefficients correspond to Logits. Fig. 7 . Agreement errors rates for items with singular and plural heads in close and far conditions with related and unrelated word pairs (mismatching conditions only). Error bars represent SE of the mean across participants for illustrative purposes.
depends on spatial distance is consistent with the preliminary results reported by Meyer and Konopka (2011) , who argued that the spatial configuration of objects influenced the likelihood of parallel processing and planning of their names.
It is important to note that although the predicted patterns of the semantic relatedness manipulation-semantic interference-was observed in speech onset times, gaze durations showed an unexpected pattern. As predicted, semantic interference was observed for semantically related items in the Close condition. In contrast, in the Far condition, we observed semantic facilitation for semantically related items. This pattern of results suggests that, contrary to our expectations, parallel processing was not completely eliminated in the far condition, and some shallow or slow processing of the distant second picture occurred while participants were looking at the first picture. However, this processing must have been qualitatively different from the way near pictures were processed as the semantic effect on the gaze durations reversed from interference to facilitation. Such a finding is not unprecedented in the field, and is in line with work by Roelofs and Piai (Roelofs, 2003; Roelofs & Piai, 2013 , who argue that semantic relatedness can lead to facilitation when the lemma for a competitor is activated but has not yet been selected (see also Chen & Mirman, 2012 for a similar account). Presumably facilitation can occur if some of the semantic features of semantically related objects are processed in parallel. In the current study extrafoveal processing of the second picture could have activated semantic features for the head noun, facilitating lexical access.
In this context, it is important to highlight that in the materials used in the present study (as in the study by Meyer & Konopka, 2011 ) the semantically related items tended to be visually similar as well (see Table A2 ). This was confirmed in a rating study with 83 participants, who were asked rate each combination of pictures for semantic and visual similarity on a 5-point-scale. Both similarity scores were significantly higher for the related than for the unrelated items (semantic similarity: related (m = 4.88, SD = 0.15) vs. unrelated (m = 1.36, SD = 0.37), t(55) = 63.94, p b .001; visual similarity: related (m = 3.18, SD = 0.98) vs. unrelated (m = 1.75, SD = 0.42), t(55) = 10.44, p b .001), and the indicators for the two types of similarity were highly correlated (r = .70). This raises the question whether our interference effect stemmed from parallel visual processing. Additional analyses on a subset of items that had a visual similarity rating below 3 in the related condition (47% of the data) yielded significant effects in the RTs similar to the analyses reported above, but the effects of semantic similarity in the gaze durations were, although in the same directions as before, no longer significant. Nevertheless, if the interference effect in the Close condition was entirely visual, it should also have been eliminated from the RTs. Furthermore, regression analyses treating the visual similarity ratings as a factor showed that for RTs, there were no significant effects of Visual Similarity, while keeping the effects of Semantic Similarity and Spatial Distance intact. For the gaze durations however, the visual similarity ratings interacted with semantic similarity (β = 0.028, SE = 0.010, t = 2.82), meaning that for related items visual similarity increased the gaze duration (β = 0.057, SE = 0.013, t = 4.54), whereas for the unrelated items visual similarity did not have a significant effect (β = −0.030, SE = 0.020, t = −1.53). These effects were independent of the spatial distance, and show that the semantic interference effects were not purely visual.
There is some evidence from other studies using pictures that semantic interference has a lexical basis, whereas semantic facilitation has an early visual-conceptual basis. For instance, Aristei et al. (2012) simultaneously presented two pictures, which both had to be named in a novel compound. They found a clear semantic interference effect for related pictures, although they did not control for visual similarity. A study that did control for visual similarity was carried out by Jescheniak, Matushanskaya, Mädebach, and Müller (2014) . They asked participants to name the blue picture in an array of two simultaneously presented pictures. The pictures were preceded by a visual cue (an arrow pointing to either the target or the distractor). When the distractor was cued, they found semantic interference between related pictures (see Humphreys, Lloyd-Jones, Fias, & 1995, for similar results using a post-cuing paradigm). In these studies, the distractor picture had to be processed up to the lexical level. Similarly, La Heij, Heikoop, Akerboom, and Bloem (2003) found semantic interference in speech onset latencies when two related pictures were presented together for at least 300 ms (replicating Glaser & Glaser, 1989) . However, in a second experiment, where the distracter was only presented for 50 ms, the semantic interference effect reversed into facilitation. Due to this brief presentation, the distracter pictures might not have been processed up to the lexical level, thereby yielding facilitation rather than interference. This ties in with other studies finding facilitation (preview benefits) from visually related distractor pictures (e.g., Pollatsek, Rayner, & Collins, 1984; Schotter, Ferreira, & Rayner, 2013) . In fact, it has been argued that the small effects of facilitation stemming from visualconceptual overlap can be overruled by the stronger interference effects stemming from lexical-semantic overlap (e.g., Abdel Rahman & Melinger, 2009; Aristei et al., 2012 , Navarrete & Costa, 2005 . Following these results, one could argue that the interference effect we found in the Close condition results from parallel processing of both visual and lexical information (with strong interference overruling weak facilitation), whereas the small facilitatory effect in the Far condition results from parallel processing of visual information alone.
Our data suggests that some amount of parallel planning occurred at both spatial distances. Importantly, however, the degree of parallel planning was different between the close and far conditions. In the condition of primary interest, namely the head and local noun mismatch condition, we saw substantial semantic interference for the speech onset latencies and gaze durations in the close conditions (39 ms and 42 ms, respectively), and weak semantic facilitation effects in the far condition (3 and 8 ms, respectively, which were not significant). This pattern of results implies that we are still able to address the primary research question of the current study, namely, whether the degree of parallel planning of the objects mentioned in the subject noun phrase is related to the likelihood of agreement errors.
The lexical interference account predicts stronger attraction for mismatching nouns planned in parallel than for nouns planned sequentially. Thus, if parallel planning increases attraction, higher error rates should be seen in the Close condition relative to the Far condition. However, our results did not confirm this prediction. There was a marginal effect of Spatial Distance in the opposite direction: More errors were made in the Far condition relative to the Close condition.
It is important to note that we did find a mismatch effect on error rates, even though it was not modulated by spatial distance. This typical error pattern shows that the current paradigm did tap into agreement processes. As often reported in the agreement literature, the attraction effect was asymmetrical with regard to the number of the head noun. More errors were found for singular heads combined with plural local nouns compared to plural heads combined with singular local nouns. This asymmetry has been explained by the markedness of plural forms, which allows marked plural local nouns to exert attraction on singular head nouns, but rarely the reverse (Bock & Eberhard, 1993 ; Eberhard, 1997) . Nevertheless, there is precedence to find significant attraction after plural head nouns, particularly in paradigms using picture naming instead of sentence completion (e.g., Veenstra, Acheson, & Meyer, 2014) . Though the main aim of the study was to assess the relationship between the time course of the processing of the subject noun phrase and the likelihood of agreement errors, it is worth highlighting that Mismatch affected the rates of agreement errors, as expected, but not the speech onset latencies or gaze duration for the first object. One might have expected otherwise, especially for the Close condition. Since there was a semantic interference effect, one might expect to see a grammatical number mismatch effect as well, with slower processing for objects and nouns mismatching in number compared to those matching in number. However, no such number mismatch effect was found. This result is consistent with data from the picture-word interference paradigm. Schiller and Caramazza (2002) found semantic interference for semantically related pictures and words, but no effect of mismatching number. Similarly, our results showed similar speech onsets for the number matching condition (m = 843 ms; SD = 225 ms), and the mismatching condition (m = 822 ms; SD = 208), as well as similar gaze durations for the matching condition (m = 672 ms; SD = 242 ms), and the mismatching condition (m = 662 ms; SD = 221 ms). This suggests that a mismatch in number and the associated morphological markers of head and local nouns does not delay the selection or morpho-phonological encoding of the nouns (or anything related to the inflection of verbs, for that matter).
In contrast to the lack of a number interference effect, semantic similarity did lead to interference in the current study. The classic account of semantic interference is based on mutual activation between related concepts and lemmas (e.g., Levelt et al., 1999; Roelofs, 1992) . Co-activation arises because there are "links" in the conceptual and lemma stratum. Whereas the semantic links are present between related concepts and lemmas a priori, number features may only be activated ad hoc based on the conceptual information of the specific utterance. Thus, number links are not present in the lexicon. It is therefore not surprising to find semantic interference but not number interference in our latency measures.
To conclude, the hypothesis, derived from Gillespie and Pearlmutter's (2011b) and Solomon and Pearlmutter's (2004) earlier work, that more parallel processing of the components of the subject noun phrase would be associated with a stronger attraction effect was not supported. Although we have evidence that we induced more parallel planning in the Close than in the Far condition, we did not find evidence for increased lexical number interference in the former condition. Instead, our results suggest that temporal overlap in the generation of the components of a complex noun phrase does not have a large effect on the ease of generating subject-verb agreement. This could mean that the number feature for the inflected verb was determined as soon as first picture was identified, or that it was only set after the planning of the subject noun phrase had been completed. Further research is needed to corroborate the current findings and to work towards a detailed processing model for the generation of subject-noun agreement.
Appendix A Note. The CELEX database did not contain the frequency for the singular form of bij. 
